The immune response against Trichinella spiralis at the intestinal level depends on the CD4 + T cells, which can both suppress or promote the inflammatory response through the synthesis of diverse cytokines. During the intestinal phase, the immune response is mixed (Th1/Th2) with the initial predominance of the Th1 response and the subsequent domination of Th2 response, which favor the development of intestinal pathology. In this context, the glucocorticoids (GC) are the pharmacotherapy for the intestinal inflammatory response in trichinellosis. However, its therapeutic use is limited, since studies have shown that treatment with GC suppresses the host immune system, favoring T. spiralis infection. In the search for novel pharmacological strategies that inhibit the Th1 immune response (proinflammatory) and assist the host against T. spiralis infection, recent studies showed that resiniferatoxin (RTX) had anti-inflammatory activity, which decreased the serum levels of IL-12, INF-γ, IL-1β, TNF-α, NO, and PGE2, as well the number of eosinophils in the blood, associated with decreased intestinal pathology and muscle parasite burden. These researches demonstrate that RTX is capable to inhibit the production of Th1 cytokines, contributing to the defense against T. spiralis infection, which places it as a new potential drug modulator of the immune response.
INTRODUCTION
Over 1 billion people are currently infected with gastrointestinal (GI) nematode parasites worldwide [1] , making them one of the most prevalent infectious agents responsible for many diseases in both animals and humans [2] , thus being a health problem worldwide [3] . The investigation of these parasitic infections is not only of direct relevance to human and animal health, but also because they present a constant and important challenge to the host immune system, especially through the intestinal tract [1] , since both in humans and animals, nematodes establish chronic infections [4] associated with a significant downregulation of the immune response [5, 6] .
The first defense barrier during intestinal nematode-GI infection is the mucus layer secreted by the host's intestine, either in a larval stage during the early infectious process or as adult parasites during the reproductive phase of infection. Thus, nematodes-GI will interact with the mucus layer and in many cases, will have to cross it to reach the epithelial layer and thus thrive and reproduce within it [1] .
The species of the nematode parasite of the genus Trichinella causes the disease called trichinellosis [7] , which is a zoonotic parasitic disease [8] that is characterized by a wide range of hosts and geographic distribution [9] . Currently, 12 species are known, which in turn are composed of 2 main clades: the clade of the encapsulated species (T. spiralis, T. nativa, T. britovi, T. nelsoni, T. murrelli, and T. patagoniensis, T6, T8, and T9), as well as the clade of non-encapsulated species (T. pseudospiralis, T. papuae, and T. zimbabwensis) [10] [11] [12] .
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LIFE CYCLE OF T. SPIRALIS
The main feature of the epidemiology of T. spiralis is its obligatory transmission by ingestion of infected meat [13, 14] . T. spiralis is a nematode parasite, which when it infects a host, its life cycle begins by the release of infective larvae of T. spiralis (T. spiralis-L1) in the stomach, which then invade the small intestine, where they mature to female and male adult worms (AD) to then produce newborn larvae (NBL) [15] , giving rise to the intestinal phase of infection [16] . Subsequently, these NBL migrate mainly through the bloodstream invading the musculoskeletal cells to develop once again to a stage of T. spiralis-L1 forming the nurse cell (NC), giving rise to the muscular phase of the infection, and thus complete its life cycle ( Fig. 1) [17, 18] .
IMMUNE RESPONSES TO T. SPIRALIS INFECTION
Immunogenic antigens of T. spiralis T. spiralis infection represents a major challenge for the host immune system, as it is influenced by the antigenic components that occur in each stage of life of the parasite [19] . These antigens are of interest, since they elicit a protective immune response and are useful in the diagnosis of the trichinellosis in both humans and animals. These antigens have been named T. spiralis larvae group (TSL)-1, and they are released (secreted and/or excreted) by the T. spiralis-L1 in the intestinal epithelium, at the beginning of the intestinal phase, and again in the muscular phase of the infection when T. spiralis-L1 are in the muscle cells [20] [21] [22] . The antigens TSL-1 are glycoproteins 43, 53, and 45 kDa from excretory-secretory (E-S) products of T. spiralis-L1 [23] , which are targets of antibodies that mediate the protective immunity against T. spiralis, which recognize their residues of tivelose [22, 24, 25] . Immunohistochemical techniques have detected TSL-1 antigens on the surface of T. spiralis-L1, in α-stichocytes and E-S products [21] . TSL-1 antigens are released (secreted or excreted) by T. spiralis-L1 in the intestinal epithelium, and again when T. spiralis-L1 become residents of muscle cells, suggesting a functional role in parasitism [22] .
Gold et al. [26] isolated the 43-kDa glycoprotein from E-S products of T. spiralis-L1. Subsequently, Su et al. [27] , cloned and expressed this 43-kDa glycoprotein in Echerichia coli (E. coli). It's believed that the 43-kDa glycoprotein may be responsible for NC formation after the entry of NBL into muscle cells, since the gene that encodes this 43-kDa glycoprotein is expressed before and after NC formation, but not expressed by AD of T. spiralis [28] . In addition, it has been observed that various isoforms of the 43-kDa gene have been expressed by immature T. spiralis-L1 [29] . Likewise, it was demonstrated that the mRNA production of the 43-kDa antigen is limited to the muscle phase in T. spiralis-L1, within the α-stichocytes. It has also been detected in the nucleus and plasma of the NC, which is the reason why it is believed that it is involved in the formation of NC [22, 25] .
Zarlenga and Gamle [30, 31] identified the genes encoding the 53-kDa glycoprotein of T. spiralis, and subsequently elucidated the complete sequence and characterized the 53-kDa gene. This gene encoding the 53-kDa glycoprotein of T. spiralis is expressed by T. spiralis-L1 post-NC and AD T. spiralis, but not by pre-NC larva or by NBL [28] . This 53-kDa glycoprotein is present in the β-granules but not in α-granules of T. spiralis-L1, after formation of the NC [22, 32] . In AD of T. spiralis, this 53-kDa glycoprotein is present within the type I stichocyte granules. These data indicate that the 53-kDa glycoprotein is not responsible for muscle cell transformation or the NC formation, but it plays some role in the continuation of parasitism and modulation of host immune response [25] .
Arasu et al. [33] revealed that the secreted 45-kDa protein is a glycoprotein that contains tivelose and is present in the β-and α-stichocytes of the secretory organs of T. spiralis-L1. The gene encoding this protein belongs to a family of genes present in a single DNA and encodes several proteins in the 40-50 kDa range. TSL-1 antigens are involved in the acute inflammatory response during the intestinal phase of the infection, while later, in the muscle phase, they maintain a cross-relationship with the host [34] .
Intestinal immune responses in T. spiralis infection
The onset of intestinal phase of T. spiralis infection is characterized by the induction of an early immune response of T 
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helper type 1 (Th1), with subsequent predominance of a Th2 type immune response, resulting in a mixture of both Th1/Th2 [35, 36] , immune responses dependents on CD4 + T cells [7] .
These CD4 + T cells can function as antigen-presenting cells and play a key role in establishing the cytokine environment, thus directing their differentiation either by suppressing or favoring the inflammatory response at the intestinal level, which is crucial for the expulsion and elimination of the parasite [37] .
Th1 immune response; inflammatory responses
During the intestinal phase of T. spiralis infection, the polarization of the cellular immune response to a Th1 type immune response depends on the type of signal derived from dendritic cells (DCs). DCs represent an important link between innate and adaptive immunity, which play an important role during the immune response against parasites [38, 39] . TSL-1 antigens induce the DCs maturation, leading to the expression of histocompatibility complex (MHC) class II [40, 41] , promoting the development of a Th1 type cellular immune response ( Fig. 2A ) [19] . Several studies, both in vitro and in vivo, have shown that during the early stage of intestinal infection by T. spiralis there is a significant increase of Th1 cytokines such as interleukin (IL)-12 [43, 44] , interferon (INF)-γ [19, [42] [43] [44] , IL-1β [45] and tumor necrosis factor (TNF)-α [42, 43] .
IL-12 promotes the differentiation of naive T cells into INF-γ-producing Th1 cells [46] . INF-γ (type II interferon) is a cytokine that forms an important part of both innate and adaptive immunity, which is produced by various immune cells such as CD4 + T cells in response to some immune or inflammatory stimuli [47, 48] , such as pathogens, specific antigens, or by activation of the T cell receptor. INF-γ induces the expression of MHC class I and II molecules in DCs [49] , enhances the development and differentiation of Th1 cells, induces the expression of inducible nitric oxide synthase (iNOS), activates transcription factors such as nuclear factor (NF)-κB [50] and regulates the production of pro-inflammatory cytokines such as TNF-α [51] . In the immune response against T. spiralis infection, IL-12 together with INF-γ, are of vital importance as they participate in the polarization of the Th1 type immune response [19, [42] [43] [44] . However, the exogenous administration of IL-12 in T. spiralis infection suppresses intestinal mastocytosis, delaying the parasite expulsion and increasing the parasite burden at the muscle phase [52] . TNF-α is a potent pro-inflammatory cytokine produced by different types of immune system cells, such as DCs, macrophages, Th1 cells, mast cells, etc., which participates in the activation of a cascade of pro-inflammatory cytokines, especially IL-1β, IL-6, and IL-8 [53] [54] [55] . Studies have shown that TNF-α is a cytokine that is produced during the intestinal phase of T. spiralis infection [42, 43] . However, several investigations have associated the production of TNF-α with the development of intestinal pathology during trichinellosis. One study showed that TNF receptor 1 (TNFR1)-deficient mice are still capable expelling T. spiralis, although a reduction in intestinal pathology was observed [56] . Another study showed that TNF-α derived from mast cells is necessary for mastocytosis, as well as for the generation of the Th2 immune response, which are both needed for the T. spiralis expulsion [57] . In addition, the TNF-α soluble form plays a critical role in the protection against T. spiralis through Th2 immune response, since the absence of soluble TNF-α in transgenic mice delayed the expulsion of T. spiralis, along with a reduction in intestinal pathology and mastocitosis [58] .
One of the effects of TNF-α is the iNOS expression and consequently the nitric oxide (NO) production [59] [60] [61] [62] , which acts mainly as an effector molecule against both extracellular and intracellular parasites [63] . In a study by Andrade et al. [64] it was observed that TSL-1 were capable to induce an increase in the iNOS expression, with consequent NO production. Also, Lawrence et al. [65] demonstrated that in iNOS knockout mice (C57BL/6) infected with 400 T. spiralis-L1, showed a reduction in the expression of Th2 cytokines (IL-4, IL-5), a reduced humoral response, (immunoglobulin, Ig, -G and -E), with a decrease in mastocytosis. However, no significant difference was observed in T. spiralis expulsion, although iNOS knockout mice showed a decrease in intestinal pathology compared to wild-type animals. These results suggest that NO is not required for T. spiralis expulsion, but its production is responsible for the intestinal pathology.
On the other hand, IL-1β is a pro-inflammatory and pyrogenic cytokine of excellence that regulates systemic and local responses through the generation of fever, activation of lymphocytes and promotion of recruitment and activation of myeloid cells at the site of infection. IL-1β has been shown to participate in host defense by inducing the adaptive immune response skewed to Th17 and Th1 cells [66, 67] . In trichinellosis, the role of IL-1β is not well understood, however, it is known to participate in the intestinal inflammatory response, since T. spiralis-L1 is capable to increase levels of IL-1β derived from intestinal epithelial cells [45] .
Recent research showed that during the intestinal phase of T. spiralis infection increased the synthesis of pro-inflammatory mediators such as prostaglandin (PG)-E2 and NO, as well as the production of Th1 cytokines, such as, IL-12, INF-γ, IL-1β and TNF-α, associated with increased eosinophils and the development of intestinal pathology [68, 69] .
Th2 immune response; T. spiralis expulsion
The initial exposure of TSL-1 antigens of T. spiralis activated CD4 + T cells [35] , as well as DCs, leading to the secretion of large amounts of IL-10 [70] . IL-10 may suppress cell markers, the proliferation and antigen presentation by DCs and inhibition of IL-12 secretion. In addition, TSL-1 increased the both IL-4 and IL-10 production derived from Th2 cells with a decrease in INF-γ production, polarizing the immune response to a strong Th2 cellular immune response (Fig. 2B ), protective and responsible for the T. spiralis expulsion [35] . IL-10 is a Th2 cytokine, which is necessary for a successful intestinal immune response. This is because the absence or decrease of IL-10 causes a high susceptibility to the primary infection by T. spiralis, showing a significant delay in the T. spiralis expulsion and an increase in the parasite burden [71] . The Th2 immune response is also characterized by the synthesis and release of other cytokines such as IL-4, IL-5, and IL-13, which stimulate IgE synthesis, inducing mast cell and eosinophil hyperplasia, triggering immediate hypersensitivity reactions, promoting the T. spiralis expulsion from the intestine [40, [72] [73] [74] . Mast cells rapidly expand in the mucosa, predominantly within the epithelium [40] , where TSL-1 antigens can directly induce their degranulation [24] , releasing effector molecules such as histamine, serine proteases [40] , TNF-α [74] , which in combination with Th2 cytokines, such as IL-4 and IL-13, increase the contractility of smooth muscle cells, the permeability of epithelial cells and the production of mucus [43] , generating changes in epithelial integrity of the small intestine [1] , which contributes to the intestinal inflammation development [24, 75, 76] . Therefore, the activity of both IL-4 and IL-13 is required for: 1) the mast cells response, which leads to T. spiralis expulsion; and 2) the cytokines production, which control mast cell hyperplasia; since the IL-13 absence results in the inhibition of T. spiralis expulsion and the development of intestinal pathology [7] . Other mediators released by mast cell degranulation include leukotrienes, derived from acid arachidonic metabolism, which play an important role in the T. spiralis infection. Leukotriene (LT)-C4 causes smooth muscle contraction, increases vascular permeability and stimulates mucus hypersecretion. LT-B4 activates inflammatory cells such as eosinophils to promote T. spiralis expulsion. Thus, leukotrienes released from mast cells can effectively participate in the protective immune response against T. spiralis [74] .
On the other hand, eosinophils are prominent inflammatory cells during inflammatory processes associated nematode-GI infection [77] . During T. spiralis infection, TSL-1 antigens stimulate Th2 cells, leading to cytokine release such as IL-4 and IL-5 [78] , which are a critical factor in the terminal differentiation and proliferation of eosinophils, which are involved in tissue damage, thus promoting the inflammatory response [79, 80] . It suggests that the protective role of the Th2 type immune response is not sufficient facing the challenge against T. spiralis, as it contributes to the development of immunopathology in trichinellosis.
ANTI-INFLAMMATORY TREATMENT

Treatment of the inflammatory response in trichinellosis
Pharmacotherapy used in trichinellosis includes: 1) the use of anti-parasitic drugs, such as benzimidazoles, mainly albendazole and mebendazole, which are directed against the parasite [80] ; and 2) steroidal anti-inflammatory drugs, such as glucocorticoids (GC), whose purpose is to treat the signs and symptoms of the inflammatory response produced by the T. spiralis infection [81, 82] .
Glucocorticoids: steroidal anti-inflammatory drugs in trichinellosis
Endogenous GC are steroid hormones synthesized and released from the adrenal cortex [83] , which act to regulate transcriptional pathways in several cellular contexts such as development, homeostasis, metabolism, and inflammation [84] . While endogenous GC play a key role in many aspects of both health and disease, exogenous synthetic GC have been extensively used therapeutically as anti-inflammatory drugs [85, 86] .
At the cellular level, the action of the GC is mediated by the GC receptor (GR), which is associated with various heat shock proteins (HSPs) 90, 70, and p23, as well as other proteins that keep it in an inactive conformation [87] . The binding of GR to the GC causes its dissociation and consequent translocation from cytoplasm to cell nucleus [88, 89] . Once in the nucleus the GC-GR complex binds as a homodimer to specific DNA sequences (glucocorticoid response element, GRE) in the pro-moter regions of glucocorticoid-regulated genes, regulating their expression positively or negatively (Fig. 3) [87] . In the transcriptional regulation positive or trans-activation, genes are activated that encoding β2-adrenergic receptors, lipocortin-1, inhibitory secretory protein (IKB-α), mitogen-activated kinase phosphatase-1 (MKP-1, which inhibits MAP kinase pathways), anti-inflammatory cytokines such as IL-10, and the IL-1. These effects may contribute to the anti-inflammatory actions of GC [90, 91] . In negative transcriptional regulation or cis-repression, GC can suppress genes transcription such as pro-opiomelanocortin, hormone adrenocorticotropic (ACTH) precursor, prolactin, Osteocalcin involved in bone synthesis, which leads to the GC side effects such as osteoporosis, diabetes and hypertension [88, 90, 92] .
On the other hand, GC also act as immunosuppressants, since they regulate the function of several inflammatory cells [93] . In addition, GC inhibit the expression of proinflammatory genes by transcription factors suppression, such as NF-κB [94] [95] [96] and the activator protein (AP)-1 through a proteinprotein [97] , by regulating the expression of genes encoding many inflammatory cytokines, such as TNF-α, IL-1α, IL-1β, IL-8, IFN-α, and IFN-β, inflammatory enzymes such as iNOS, cyclooxygenase (COX)-2, inducible phospholipase (cPL)-A2, adhesion molecules and inflammatory receptors (Fig. 4) [98, 99] .
Another mechanism of action by GC is through the inhibition of signaling in the pathways of mitogen-activated protein kinase (MAP kinase or MAPK), which are activated by inflammatory stimuli, such as IL-1, TNF-α, microbial products such as lipopolysaccharide (LPS) and cell stress, such as ultraviolet (UV) radiation [89] . Once activated, MAPK phosphorylate various substrates, including other proteins that control gene expression and other processes. For example, MAPK activate NF-κB, through phosphorylation of their inhibitor IκB, and AP-1. In this mechanism, the GC inhibit the signaling pathways of the MAPK exerting their anti-inflammatory effect. This suggests that GC may block the signaling of the inflammatory response at a level above the transcription factors activation (Fig. 4) [100] .
Recent research showed that dexamethasone (DEX) treatment during the intestinal phase of T. spiralis infection inhibited the production of pro-inflammatory mediators, such as PGE2, NO, IL-12, INF-γ, IL-1β, and TNF-α; the number of eosinophils in the blood and intestinal pathology decreased, with a reduction in the hyperplasia of the intestinal crypt and the reconsti- Fig. 3 . Glucocorticoids gene regulation. Glucocorticoids (GC) enter the cell to bind the GC receptor (GR) in the cytoplasm forming a complex GC-GR which is then translocated to the cell nucleus. Once in the nucleus they bind to glucocorticoid response element (GRE), thus regulating gene expression in 2 ways: 1) through transactivation of genes that encodes anti-inflammatory proteins; and 2) through cis-repression of genes associated with their side effects. This figure was made by the authors based on the references cited in the text.
tution of the intestinal villus [68, 69] . This suppression of proinflammatory mediators by DEX is due to its aforementioned genomic effects. With respect to it activity on eosinophils, it has been shown that DEX inhibits the eosinophils survival in a dose-dependent manner [101] , inducing apoptosis through increased activity of caspases 2, 3, 6, and 8 [102] .
Although GC are potent anti-inflammatory drugs, their therapeutic use in trichinellosis is limited, since previous studies have shown that GC treatment suppresses the host immune system, favoring T. spiralis infection [103] . A study showed that in rats treated with betamethasone were more susceptible to T. spiralis infection, as an increase in parasite burden was observed compared to the infected control group [104] . Another study showed similar results, where it was observed that treatment with DEX increased the proportion of apoptotic and necrotic lymphocytes, as well as the number of T. spiralis-L1 in muscle tissue in mice [105] . Recent research from our research group showed that treatment with DEX in the intestinal phase of T. spiralis infection significantly increased T. spiralis-L1 implantation in muscle tissue as well as parasite burden [68, 69] . This is due to the systemic suppression of the immune response by DEX.
Resiniferatoxin: a novel anti-inflammatory treatment in trichinellosis
Due to the limited pharmacological efficacy of GC against T. spiralis infection, the need arises to investigate new pharmacological strategies based on the suppression of the Th1 type immune response, which will help the host against T. spiralis infection. A molecule with therapeutic potential for suppression of the Th1 response during T. spiralis infection could be resiniferatoxin (RTX). RTX is a vanilloid derived from a cactus-like plant named Euphoria resiniferous, an agonist of the transient receptor potential vanilloid 1 (TRPV1) [106] [107] [108] , which activates and then desensitizes the TRPV1 receptor, producing analgesia [109, 110] . Besides to the multiple biological actions of the RTX mediated through TRPV1, studies have shown that RTX has an important anti-inflammatory activity in both in vitro and in vivo models. One study showed that RTX inhibited the expression of NF-κB in a dose-dependent manner in human myelomonoblastic leukemia cell (ML-1a) line stimulated with TNF-α (Fig. 5A) [111] . Similarly, another study showed that RTX inhibited the expression of iNOS and COX-2 in macrophages RAW264.7 stimulated with LPS and IFN-γ, resulting in a decrease in PGE2 and NO (Fig. 5B) [112] . On the other hand, a study based on a model of acute ischemic renal failure (ARF) in rats showed that RTX treatment prevented renal damage by inhibiting the inflammatory response, simultaneously decreasing the expression of renal TNF-α and an increase in IL-10 in plasma (Fig. 6A) [113] . Another study in LPS-stimulated BALB/c mice showed that RTX significantly decreased serum levels of PGE2, NO and TNF-α (Fig. 6B) [114] . Based on these studies, our research group evaluated the therapeutic potential of RTX for the treatment of the inflammatory response during the intestinal phase of T. (Fig. 6C ) [68, 69] . These investigations are the first to show the protective effect of RTX against T. spiralis infection. Currently, there is no scientific evidence of how RTX could be affecting the survival of eosinophils, as well as the life cycle of T. spiralis. Our hypothesis, on one hand, is that perhaps the decrease in the number of eosinophils in the blood might be associated with the anti-inflammatory activity of RTX. This is because several studies have associated eosinophil survival with TNF-α production, since TNF-α derived from mast cells induces eosinophil survival by autocrine production of granulocyte-macrophage colony-stimulating factor (GM-CSF) [115] and, in addition, TNF-α is involved in the eosinophils adhesion to endothelial cells and induces activation, degranulation and production of eosinophil cytokines [116] . Furthermore, previous studies have also related eosinophil survival with the production of NO, since NO is associated with apoptosis, which is important in promoting the removal of granulocytes in the inflammatory response. Peripheral eosinophil apoptosis is mediated by the binding of the CD95 death receptor to its CD95L ligand (Fas/APO-1), which leads to activation of caspase and a programmed cell death [117, 118] . The role of the CD95/CD95L axis in eosinophils is mediated by NO, which interferes with the CD95 receptor in the signaling cascade and blocks the death signal in peripheral eosinophils [119] . On the other hand, the reduction of parasite burden may be associated with a decrease in the number of eosinophils, both as a result of RTX treatment. This is because, studies have shown that the absence of eosinophils decreases the parasite burden in the muscle phase of T spiralis infection [120] and that eosinophils may influence the immune response in a way that sustains chronic infection and ensures T. spiralis survival in the host [121] [122] [123] .
CONCLUSIONS
T. spiralis, through the production of its antigens, has the capacity to induce a Th1 type immune response, responsible for the inflammatory response produced during the intestinal phase of the infection. Subsequently, T. spiralis is capable to polarize this immune response to a Th2 type immune response, which is believed to protect the host through the elimination of T. spiralis. However, both responses are involved in the development of intestinal pathology, which favors parasitism in the host. In this context, the pharmacological treatment to treat the inflammatory response during trichinellosis is through the use of steroidal anti-inflammatory drugs such as GC. However, based on the low pharmacological efficacy of GC against T. spiralis infection, the need arises to investigate molecules with therapeutic potential such as RTX. RTX has shown a potent anti-inflammatory activity against T. spiralis infection, because in addition to down-regulating Th1 cytokine expression, it reduces eosinophilia and intestinal pathology. Therefore, future research is needed to help understand the underlying mechanisms of RTX on the inflammatory response, which will allow us to evaluate its therapeutic use, placing it as a potential anti-inflammatory drug for the treatment of inflammatory disease.
